L. Rieger P. A. Vanrolleghem modelEAU, Dé partement de gé nie civil, Continuous monitoring of water quality creates huge amounts of data and therefore requires new concepts to guarantee high data quality and to prevent data graveyards. Monitoring stations commonly used in practice today suffer from insufficient flexibility and a lack of standardization.
INTRODUCTION
With the increasing use of on-line sensors for water quality measurements, a shift can be seen from not enough data (due to the time consuming sampling and lab analysis) to plenty or even too much data. Whereas the accuracy of the lab measurements is normally sufficient, urgently needed data quality evaluation concepts for the continuous measuring devices are not available or inefficient in dayto-day operation. Several statistical methods have been developed in other fields but only recently has research (e.g. Rosen et al. 2003) shown their applicability in the water/wastewater sector with its special demands on durability and accuracy of sensors as a result of the often harsh conditions. However, only few of these methods have been implemented in software platforms for practical use and many have not proven their potential to detect measurement errors or other equipment failures. The goal of the investigations discussed here is therefore to bring these methods from an academic level into practice. This must be done in a way that is as user-friendly as possible yet as rigorous as possible to detect potential failures, quantify uncertainties and finally solve the problem or deal with the wrong or uncertain measurements.
Initiated by immission-based legislation, (e.g. WFD in the EU or the TMDL approach in the USA) monitoring networks will be essential tools to monitor pollutants, to (better) understand the ongoing processes and finally improve the water quality of our water courses. Whereas the state-of-the-art is still stand-alone monitoring stations, ongoing research is focussing on the development of monitoring networks that integrate the information from different locations into knowledge about whole river basins (Strobl et al. 2006) . The development of monitoring networks instead of individual stations leads to new demands on bidirectional data exchange, i.e. various telemetry options, safety issues and accessibility.
In this paper we describe our vision of the next generation of water quality monitoring networks. This monEAU (monitoring of water, "eau" in French) vision is being realized in an ongoing project involving research groups, public organizations and private companies from doi: 10.2166/wst.2008.135 North America and Europe. Besides the focus on new data evaluation methods, this monitoring network concept will combine state-of-the-art technology with the highest possible flexibility in terms of connectable sensors, measuring locations and monitoring goals.
PROBLEM ANALYSIS
Although monitoring stations and more recently monitoring networks increasingly have been built in parallel to the development of continuously measuring devices (in-situ: directly in the liquid: on-line: in a parallel sample line) these stations nearly always suffer from the same problems.
Starting with our own experience over the past 10 years, Figure 1 shows a monitoring station set-up that is a typical example for river monitoring stations used today. A submerged pump feeds the whole set-up including filtration unit, in-situ sensors and an auto-sampler through a fast hydraulic loop. Passing a transmitter with some visualization capabilities, the data is collected on a data logger and then sent out to a server via SMS text messages. A comparison with other monitoring projects reveals that most stations face similar problems (e.g. Beck et al. 1998; Vandenberghe et al. 2005) . Unfortunately, much of the failure information is only available from personal communication or it has to be deduced from "between the lines" of any publications. Often, three major reasons limit the use of monitoring stations: i) the lack of standardization, ii) data quality problems, which lead to data graveyards that do not provide the required information, iii) insufficient flexibility of the stations being evaluated leading to problems when new or better sensors should be connected or when the focus of the project changes.
Whereas the lack of standardization might be due to the fact that water quality monitoring is still often seen as an individual challenge with no need for a generic platform, the data quality problem can be related to the lack of adequate tools for fault detection. The lack of flexibility is often caused by the typical design procedure starting with one or a few very special objectives followed by individual design specifications without considering possible changes in the objectives, sensor choice etc. that might be needed. Harmancioglu & Alpaslan (1994) give an overview of a structured design procedure leading to individual solutions. These individual solutions were probably necessary in the past, but the current task should be to develop standardized platforms based on the experience from hundreds of individual monitoring stations. From our review, we see the following typical reasons for inadequate designs: † limited budget (and focus on sensors rather than the station itself) † lack of knowledge (data communication, databases, automation…) † harsh conditions (WWTP: fat, clogging, electrical interferences; Rivers: changing water levels, flood, heat/cold, vandalism…) † unsuitable hardware (e.g. pumps, filtration units, data communication, damp protection…) † inflexible design with respect to the selection of sensors (no change for better sensors or other monitoring objectives) † one-sided focus on special monitoring objectives † closed/locked source code and therefore limited freedom to adapt the system to changing project needs (not modular)
In-situ sensors have improved significantly during the past 5 -10 years and now provide a real alternative for water quality monitoring by combining low maintenance with sufficient accuracy (Jeppsson et al. 2001; . However, standardized data transmission protocols allowing full access to sensor configuration and metadata are still missing. Access to configuration data would give additional information to the end-user as well as providing remote control options. Meta-data (data about data) enables the extraction of usable information out of a (measuring) signal. For instance, without the unit, the measuring location and a description of the compound measured, the signal only provides a data value without any context for the end-user. In addition, some sensors already provide self-diagnosis or other status information, which if available could be used for data quality evaluations.
Similar difficulties are being experienced by SCADA system providers who are interested in data quality evaluation but are facing the same lack of information from the sensors. Unfortunately, most sensor companies do not allow full bidirectional communication with the sensor or they see their control unit as the last point in the measuring chain. 
THE monEAU VISION

THE monEAU SYSTEM
Software
The heart of the monEAU system is a robust software framework serving as the backbone of the stations and server network allowing the simple connection of various modules through a specified API (Application Programming Interface). Some modules will provide basic functionality like data input or output but the main reason for this framework structure is the ability to integrate new developments or to connect third party modules. In this way, robust operation (the framework is not open to the endusers) is combined with the required flexibility. Figure 2 shows the monEAU concept. This frequency is sufficient only in combination with the online evaluation methods of the monEAU system. For off-line concepts commonly applied today (e.g. ATV 2000; Thomann et al. 2002) , it is suggested that a reference sample be taken once a week. Every single block of the monEAU data quality evaluation concept will create a warning, which demands more frequent comparative measurements. An alarm is triggered only if the warning is validated with additional measurements. This approach will require manpower but guarantees the high data quality we expect from the system.
Data transmission protocols
Level 2: Envisioned here are pre-configured graphical user-interfaces that allow the end-user to train the more advanced, but also more powerful multivariate models for time series analysis. These statistical methods (e.g. PCA,
ICA, see Rosen et al. 2003; Yoo et al. 2004 ) will principally use different signals from one station but extension to data coming from other base stations is also foreseen. The training will be fully automated after preliminary quality checks using reference samples. In this way we guarantee that the training data set is of sufficient quality. Also in Level 2, the outcome of the data evaluation is a warning, which will trigger additional comparative measurements according to Figure 3 .
Level 3: The last step is an advanced data evaluation and control concept, which includes additional knowledge for the specific measuring location and monitoring network.
This might include process knowledge (e.g. biological processes at WWTPs, rates of change), known correlations between different measurements and also information from other measuring locations (e.g. by calculating mass balances or simpler: flow upstream , flow downstream) or redundant information. If sufficient validated experience is available, the end-user will have the option to use the available information for data mining and/or later for control. This would allow not only the detection of potential failures but also the identification of the source of the error.
Based on this information, measures could be triggered to solve the problem or to react by changing to a safer operation of the monitored system (fault-tolerant control, see e.g. Devisscher et al. 2000; Lardon et al. 2004) .
Maintenance on demand: To reduce the maintenance and service effort good maintenance planning is required.
In addition to the static maintenance intervals (e.g. by exchange intervals of chemicals or spare parts), a dynamic monitoring concept (Thomann et al. 2002; Rieger et al. 2004 ) will be integrated (the left part of Figure 3 ). A new 
Hardware
In the first step of the project, specifications were developed using the highest standards in terms of durability, robustness and data safety. As the monEAU platform should be the same for all measuring locations, the set-up must consider all demands concerning space, energy demand and environmental conditions. That is the basic unit (a box with computer and I/O units) will be the same, but the power supply, data transmission and climate control options will vary so the station itself could be housed in a trailer or delivered as a stand-alone box, to be used directly with in-situ probes.
Sensors and actuators: Sensors and actuators are not seen as part of the monEAU system. Our concept is to build the station flexible enough that all types of sensors and protocols can be connected. The base stations and also the central server are designed in a way that the connection of a new sensor triggers a procedure to provide storage capacity and standard visualization. Where possible, meta-data from the sensor (sensor configuration, dimension, measuring range…) is used to limit the required effort for the installation of new measuring devices. As plug-and-play is not feasible (due to standardization problems), a list with pre-configured sensors will be made available to facilitate the connection of new devices.
CONCLUSIONS
The monEAU system will provide a high-level platform for all kinds of monitoring tasks, and eliminate the same design errors numerous other groups have done before. The flexibility of this new monitoring network concept enables different monitoring tasks as well as different measurement locations. As the most commonly used data transmission protocols (between sensor and base station) are provided, the user can select the best suited sensor for his application independent of specific monitoring station capabilities.
The software structure with a fixed framework as the However, the most important step forward is the advanced data quality evaluation concept helping to relate the measurements to the processes under evaluation and not to guesswork about data meaning. Most importantly, this evaluation concept will eliminate the danger of building more data graveyards.
